Molecular imprinting in hydrogels using reversible addition-fragmentation chain transfer polymerization and continuous flow micro-reactor by Kadhirvel, Porkodi et al.
1552
Research Article
Received: 15 November 2014 Revised: 10 March 2015 Accepted article published: 13 March 2015 Published online in Wiley Online Library: 15 April 2015
(wileyonlinelibrary.com) DOI 10.1002/jctb.4681
Molecular imprinting in hydrogels using
reversible addition-fragmentation chain
transfer polymerization and continuous ﬂow
micro-reactor
Porkodi Kadhirvel,a Carla Machado,a Ana Freitas,a Tânia Oliveira,a Rolando
CS Diasa* andMário RPFN Costab
Abstract
BACKGROUND: Stimuli responsive imprinted hydrogel micro-particles were prepared using reversible addition-fragmentation
chain transfer polymerization for targeting genotoxic impurity aminopyridine in aqueous environment using a continuous ﬂow
micro-reactor.
RESULTS: The feasibility of operation with a continuous ﬂow micro-reactor for particles production was demonstrated. A com-
parative evaluationwas carried out betweenbatch andmicro-reactor produced imprinted andnon-imprinted hydrogels. Exper-
imental results proved that molecular imprints generated by free radical polymerization and controlled radical polymerization
showedoutstandingperformance in adsorptionbehavior: the q value estimatewas about 1000 times higher than the value pre-
sentedbyother researchers. Solidphaseextraction results furtherevidencedthepromising imprintingwithhydrogelsusing free
radical polymerization and controlled radical polymerization by retaining c. 100% of 3-aminopyridine. The imprinting factor of
4.3 presented in this research appears to be the best value shown so far.
CONCLUSION: The imprintedmaterials were successfully prepared both in batch and with a continuous ﬂowmicro-reactor. The
inclusion of a reversible addition-fragmentation chain transfer agent in controlled radical polymerization was important in
optimizing theexperimental conditions in the continuousmicroﬂuidic approach. Though the reversible addition-fragmentation
chain transfer agentwas very useful in controlling the reaction kinetics, imprintedmicro-particles showed the existence of both
non-speciﬁc and imprinted sites. It isworthextending thiswork todemonstrate the impactof reversible addition-fragmentation
chain transfer agents in molecular imprinting, considering also operation in a continuous ﬂowmicro-reactor to obtain tailored
smart hydrogel particles.
© 2015 Society of Chemical Industry
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INTRODUCTION
Hydrophilic gels of low crosslinked polymer networks swollen
in water are for simplicity called hydrogels.1 Their ability to
absorb a huge amount of water without being dissolved makes
those materials useful in medical (artiﬁcial cornea implants2)
and tissue engineering (as ﬁllers for soft tissue3 and cartilage
repairing4) applications. Stimuli-responsive smart hydrogels
(SRSH) have, in addition, the unique capacity of changing vol-
ume drastically owing to external stimuli and hence they are
extensively used in biotechnology and biomedical ﬁelds for
drug delivery, enzyme immobilization, tissue culture substrates
and as gene carriers.5,6 Stimuli (environmental changes) can
be pH, temperature, ionic strength, light, electric or magnetic
ﬁelds. Thermal and pH responsive smart hydrogels have received
more signiﬁcant interest.7 N-isopropylacrylamide (NIPA), acrylic
acid (AA), methacrylic acid (MAA) are a few examples of com-
monly employed monomers for producing thermal and pH
responsive hydrogels. An overview concerning the applications of
stimuli-responsive synthetic materials inmedicine can be found in
some recent works (e.g. see review paper8 and references therein).
Stimuli-responsive smart hydrogels can be obtained conven-
tionally through free radical polymerization (FRP) in a batch
reactor, resulting in irregular shaped particles. On the other
hand, emulsion, inverse-suspension, precipitation polymeriza-
tion processes etc., result in mostly uniform spherical shaped
particles. Recently, micro-reactors with microﬂuidic droplet based
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techniques have been introduced as an alternative approach to
produce continuously spherical/conical particles.9,10 Polymer-
ization in continuous ﬂow oﬀers the possibility to increase the
throughput at low operating costs, and the resulting polymer is of
consistent quality.9–11 The continuous ﬂow mixing system allows
good control of reagent diﬀusion, ensuring more deﬁned and
reproducible results when compared with batch processes.9–11
Production of polymer dispersions with an important impact
on process intensiﬁcation11 and continuous synthesis of hol-
low particles,12 are two diﬀerent examples of recent studies
concerning the use of micro-reactors and microﬂuidics, aiming
at increasing the throughput or the creation of particles with
special architectures/morphologies. In other recent studies,13
microﬂuidics has also been explored to synthesize diﬀerent
particle morphologies, from nanoscale to microscale, with impor-
tant applications in controlled drug release (e.g. for cancer
therapy).
However, microﬂuidic devices have their own technical chal-
lenges concerning the choice of an optimum residence time,
fast enough reaction kinetics, agglomeration of particles and
controlling the shape and size of the ﬁnal product. Con-
trolled radical polymerization (CRP) using a RAFT (reversible
addition-fragmentation chain transfer) agent has been con-
sidered by several researchers9,14–16 to improve the molecular
architectures of the resulting materials (aiming at achieving lower
chain heterogeneity, controlled topologies, etc.) and to control
the polymerization kinetics. Moreover, in the last few years, RAFT
polymerization17 (and generally CRP18) has also been speciﬁcally
considered for the purpose of producing three-dimensional poly-
mer networks with improved structural homogeneity. Indeed,
nowadays, RAFT polymerization is applied in novel polymer
syntheses for a diverse range of applications, including the
therapeutic and diagnostic ﬁelds.19
Having considered the beneﬁts of the introduction of a RAFT
agent, another goal was added, i.e. to create molecular mem-
ory (imprinting) inside the hydrogel network. Imprinting was
aimed at creating tailor-made cavities, shaped with a high speci-
ﬁcity and aﬃnity towards a target molecule.20–24 This has been
achieved by introducing the ‘target/template’ during hydrogel
formation. Figure 1 illustrates the three stages of an imprinting
process comprising target-monomer self-assembly, polymer-
ization and template removal resulting in the generation of
three-dimensional cavities which should ideally match the tem-
plate molecule in their size, shape and the arrangement of
functional groups. Eventually one creates a molecular ‘memory’
within an imprinted polymer network. Indeed, nowadays, molec-
ularly imprinted polymers (MIPs) have been extensively explored
in order to obtain synthetic substitutes for natural antibodies
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Figure 1. Graphical illustration of molecular imprinting process.
and receptors.25 Combination of CRP and molecular imprinting
was also recently presented as a route to synthetize advanced
MIPs by precipitation polymerization26,27 or surface initiated
polymerization.28 The application of molecular imprinting to
produce functional synthetic materials amenable to being stimu-
lated by speciﬁc biological or chemical agents has been reviewed
elsewhere.29
The current work combines three aforementioned lines of
research: droplet polymerization to produce hydrogels using
microﬂuidic reactors with controlled radical polymerization (RAFT
polymerization is used for improving the molecular architecture
of networks) and molecular imprinting. Diﬀerent polymerization
mechanisms (FRP/CRP) were compared with diﬀerent reac-
tors (conventional batch/micro-reactor) and using imprinting
/non-imprinting approaches.
New classes of functional materials with properties such as
selective recognition, high capacity, particles in regular shape,
controlled swelling degree, smart response to environmental
changes and interesting aqueous friendlyproperties are in increas-
ing demand in the ﬁeld of biomedical research. Hence, in this
approach, the main challenges to be faced were:
1. incorporating molecular memory with an aqueous medium;
2. ﬁnding an appropriate crosslinking level lower than 80% (used
in classical MIPs) to 1% (in hydrogels).
Another concernof thiswork is thedesignof tools aiding the syn-
thesis of advancedmaterials to be applied in amultiplicity of tech-
nological/biotechnological ﬁelds. For this purpose, the genotoxic
impurity 3-aminopyridine (Fig. 2(a)) was considered as a model
template to explore the various inﬂuencing parameters in obtain-
ing an advanced tailor-made material.
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Figure 2. Chemical structure of model template: (a) 3-aminopyridine (3-APy), functional monomer; (b) acrylic acid (AA), structural analogues; (c)
4-aminopyridine (4-APy); and (d) caﬀeine (CAF).
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Figure 3. Schematic illustration of the customized micro-reactor used in this work. Through a T connector, two diﬀerent streams (oil/water phases) are
feed to a tubing in an oil bath at controlled temperature. The carrier ﬂuid (e.g. paraﬃn oil) and the aqueous phase polymer particles (e.g. molecularly
imprinted hydrogels) are collected at the outlet.
EXPERIMENTAL
Materials
Template 3-aminopyridine (3-APy), functional monomer acrylic
acid (AA), crosslinker methylenebisacrylamide (MBAm), initiator
V50 (2,2′-azobis (2-methylproprionamidine) dihydrochloride)
and RAFT agent 4-cyano-4-(phenylcarbonothioylthio) pentanoic
acid (CPA) were purchased from Sigma-Aldrich (Germany). The
structural analogue 4-aminopyridine (4-APy) was obtained from
Alfa Aesar (Germany). Caﬀeine (CAF) was procured from Acros
Organics (Belgium). Analytical grade acetic acid (AcOH), methanol
(MeOH) and acetone were bought from Fisher Chemical (UK).
Paraﬃn oil was received from Vencilab (Portugal). Millipore water
(Milli-Q quality) was used in all the experiments unless otherwise
mentioned.
Micro-reactor self-assembly and its operating conditions
A continuous ﬂowmicro-reactor was built using two Knauer HPLC
pumps (model Azura P 4. 1S, titanium head) with maximum
delivery pressure of 40MPa and ﬂow rate in the range 0.001 to
10mLmin−1. A Valco tee device was used to connect the two
lines coming from the pumps with generation of the feed to
the micro-reactor. Diﬀerent T connectors with internal diameters
0.25, 0.5, 0.75, and 1.0mm were considered. PTFE tubes with
diﬀerent internal diameters (0.2, 0.5, 0.8, 1.0 and 1.5mm) were
used as continuous ﬂow micro-reactors. The maximum length of
all micro-reactors used was 20m. The micro-reactor tubing was
rolled up on a metallic cylinder and immersed in an oil bath at
controlled temperature. A container was connected to the end of
the reactor in order to collect the carrier ﬂuid (often liquid paraﬃn)
and the aqueous-phase polymer particles. In this container, a
polymer precipitating solvent (methanol or acetone) was included
andamagnetic pellet stirred themixture. Thismicro-reactor set-up
is shown in Fig. 3. This set-up was recently considered by the
research team in screening studies concerning the development
of tailored imprinted hydrogel particles involving diﬀerent kinds
of templates, monomers and operating conditions.30–32
Host–guest interaction
Interaction between the template and functional monomer (T-M),
and the orientation of these molecules were predicted by sim-
ple computational simulation. For this purpose the chemical
structures of acrylic acid and 3-aminopyridine were drawn in
ACS/Chem 3D ultra-software (version 8) and minimized to the
lower energy with better orientation by the molecular mechan-
ics (MM) method (minimized energy to minimum RMS gradient
of 0.100). Experimentally, a UV–vis spectrometer was used in
order to obtain information about the T-M interaction. Blank 3-APy
and a mixture of 3-APy and AA solutions were prepared and the
absorbance was scanned from 200 to 800 nm. In order to achieve
stronger evidence, the template andmonomer solutionswerepre-
pared in the same molecular ratios as in the pre-polymerization
mixture.
Stimuli-responsive smart hydrogels production by free
radical polymerization in batch reactor
In a batch process, the imprinted hydrogel (MIH-FRP) was pre-
pared using 3-APy as template molecule. Acrylic acid (Fig. 2(b))
was used as the main water-soluble functional monomer, methy-
lene bisacrylamide (MBAm) as crosslinker, V50 (2,2′-azobis(2-
methylproprionamidine) dihydrochloride) was selected as water
compatible thermal initiator and water was used as a porogen.
In this typical process, the template 3-APy was mixed ﬁrst
with the functional monomer (AA), crosslinker was added and
the content was subsequently dissolved in water. Following
that the addition of initiator V50 was made. The solution was
transferred to a glass ampoule and purged with a ﬂow of dry
argon for 5–10min. The tube was then sealed and polymeriza-
tion was started by placing the tubes in a thermostatic oil bath
pre-set at 40–50 ∘C. The hydrogels were removed for further
analysis after 24 h. Non-imprinted hydrogel (NIH-FRP) was pre-
pared in parallel to justify the imprinting process in MIH-FRP
following the same experimental procedure as for MIH-FRP,
eliminating 3-APy.
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Table 1. Pre-polymerization cocktail mixture used for hydrogel synthesis by FRP and CRP
Material
YM (AA)
(wt %)
YI (V50)
(%)
Y CL (MBAm)
(%) YRAFT (CPA)/I(V50) YT(3-Apy)/CL(MBAm)
Reaction
temperature
Batch gelation
time, min F.M : C.L
MIH-FRP 11.61 0.22 1.10 - 1 50 ∘C 4 90 : 1
NIH-FRP 11.61 0.22 1.10 - - 50 ∘C 2 90 : 1
MIH-CRP-MRP 40 1 2 0.1 1 70 ∘C 11 49 : 1
NIH-CRP-MRP 40 1 2 0.1 - 70 ∘C 6 49 : 1
YM ( wt %) : Mass fraction of the monomer in the dispersed phase; YT/CL : mole ratio between template and crosslinker; YRAFT/I : mole ratio between
RAFT and initiator ; YCL (%) : mole fraction of crosslinker in the total monomer mixture; YI (%) : mole ratio between initiator and monomer.
A summary of the formulations of the imprinted and
non-imprinted smart hydrogels is presented in Table 1.
Stimuli-responsive smart hydrogels generation by controlled
radical polymerization in a continuousmicro-reactor
Residence time and additional batch reaction time are two impor-
tant parameters that have to be monitored in micro-reactor
microﬂuidic operation. Residence time can be controlled by
ﬂow rate and the polymerization kinetics was observed at small
scale before introducing the pre-polymerization cocktail into the
micro-reactor assembly. RAFT agent was introduced in the batch
protocol to produce imprinted (MIH-CRP) and non-imprinted
(NIH-CRP) hydrogels in the micro-reactor by CRP. Table 1 shows
the initial composition of the material used for the production of
MIH-CRP and NIH-CRP. The well-known drop in polymerization
rate associated with CRP,17,18 when compared with FRP, was also
important in order to ﬁndmore amenable polymerization kinetics
allowing the running of the crosslinking process in the continuous
ﬂowmicro-reactor (e.g. avoiding reactor clogging).
For each CRP SRSH produced in the continuous micro-reactor,
the same initial reactant mixture was used to synthesize the
corresponding batch material and to estimate the batch gelation
time, as detailed in Table 1.
Template removal
Imprinted and non-imprinted hydrogels prepared either from
batch or from the micro-reactor were then isolated and puriﬁed
through successive cleaning operations. Soxhlet extraction was
used inpuriﬁcationprocedures to remove speciﬁcally the template
molecules using MeOH and acetic acid mixture (90:10). Washing
was monitored by UV–vis spectrometer at 231 nm and was con-
tinued until levels of 3-APy became too low to detect.
Stimuli-responsive smart hydrogels characterization
Hydrogel (dry and swollen state) microscopic images were mon-
itored using a Nikon Microscope ECLIPSE 50i (Japan) and the
images were processed by software NIS-Elements version 2.2.1.
The swelling ratio (SR) of the batch (FRP) and micro-reactor (CRP)
generatedhydrogelswere alsomeasuredby impregnating 5mgof
hydrogel in 10mL of 20mmol L−1 3-APy, 4-APy and CAF for about
24 h and themass diﬀerences were calculated. Knowing the diﬀer-
ences inmass before and after impregnation, SR can be calculated
using the following equation:
SR =
mass of swollen polymer
mass of dried polymer
(1)
The eﬀect of drug structure on the aﬃnity and selectivity of the
materialswas studied by comparing SRs of templates anddiﬀerent
chemical structures, namely caﬀeine and 4-aminopyridine.
Additional features on the morphology of the dried SRSH parti-
cles were obtained by SEM. These analyses were performed in the
Materials Center of the University of Porto (CEMUP).
Characterization of the dried SRSH products (imprinted/
non-imprinted) was also performed using IR spectroscopy. Par-
ticles were crushed, mixed with KBr and pressed into pellets in
order to collect the IR spectra.
Solid phase extraction
Solid-phase extraction cartridges were packed with 10mg
of the 3-APy imprinted (MIH-FRP and MIH-CRP, batch and
continuous micro-reactor synthesized) and the corresponding
non-imprinted (NIH) dry hydrogels. The cartridges were condi-
tioned with 5mL of water and loaded with aqueous solution
(2mL) containing 5mmol L−1 of 3-APy percolated at a constant
ﬂow rate of 0.5mLmin−1 in a Visiprep (Supelco, Bellefonte, USA)
SPE processing station manifold. After loading, 2mL of water
was used as the washing solution. The cartridges were there-
after subject to an elution step by percolating 2mL of pH= 2
and pH= 8 aqueous solutions. The elution fractions (loading,
washing and elution) from the SPE columns were directly moni-
tored by UV–vis spectrometer with detection performed by UV
absorbance at 231 nm. With the absorbance data, the concen-
tration of the bound or adsorbed analytes in the hydrogel was
calculated using:
Recovery (%) = [Elute]
[Load]
× 100 (2)
Regeneration of the SPE cartridge was achieved by
re-conditioning with 5mL of water.
Frontal analysis
Frontal analysis is a high precision technique for adsorption
studies33,34 and it was considered here to evaluate the perfor-
mance of the synthetized smart hydrogels. The studies were
performed through packing the materials produced (bulk
hydrogels obtained in batch reactor or particles synthetized
inmicro-reactor) in empty GPC columns with bed lengths/internal
diameters (mm/mm) of 10/4.6, 33/4.6, 50/4.6 and 33/8. High
swelling of thesematerials was exploited to induce self-packing of
the smart hydrogels in the GPC columns. Analytes saturation and
release UV absorbance proﬁles were monitored continuously in a
GPC pumping system by feeding 0.5mmol L−1 solution of 3-APy
(to gain saturation information) and eluted with water (to gain the
release proﬁle).
J Chem Technol Biotechnol 2015; 90: 1552–1564 © 2015 Society of Chemical Industry wileyonlinelibrary.com/jctb
1556
www.soci.org P Kadhirvel et al.
H
N
NH2
(a) (b)
OO
Acrylic Acid (AA)
3-Amino Pyridine(3-APy)
AA : 3-Apy
1 : 1 
Energy: -7.77
Figure 4. Depiction of the host–guest interaction between the template and the functional monomer (template – monomer self-assembly/T-M): (a)
expected T-M orientation; (b) observed T-M orientation by MM energy minimization.
Batch adsorption experiments
Performance of the synthetized smart hydrogels was also assessed
through batch adsorption studies in order to gain insight to the
amount of template adsorbed in the hydrogel. A set of 15mL
capacity centrifuge tubeswasused for thebatch adsorptionexper-
iments. About 10mg of hydrogel was placed in each centrifuge
tube, and this wasmixed with 10mL of diﬀerent concentrations of
3-APy and themixturewas equilibrated for about 24 hunder agita-
tion. After equilibration, the supernatantwas collectedby centrifu-
gation and the concentration measured by UV–vis monitoring.
From theUV–vis absorbancedata, the initial andﬁnal concentra-
tion of the analyte before and after equilibration, C0 and C, were
calculated. The values were substituted in Equation (3) to obtain
the adsorbed amount in the hydrogel mass (g). For calculation of
the amount of drug adsorbed in the hydrogel (expressed in mmol
of drug per gram of hydrogel) one can use:
q =
V
(
C0 − C
)
mHG
(3)
where q is the amount adsorbed, C0 is the initial and C the
equilibrium concentration of the analyte, and mHG is the mass of
the hydrogel.
RESULTS ANDDISCUSSION
Host–guest interaction
A key requirement to achieve promising imprinting inside the
hydrogel polymer network is to have a strong interaction between
the template and the functional monomer by self-assembly
(T–M). The stronger the interaction the better the imprinting
eﬃciency.20,35 To detect this T–M orientation, molecular mechan-
ics energy minimization was run using ACS/Chem 3D Ultra.
As mentioned earlier, within this research, hydrogels (FRP and
CRP) were prepared in aqueous media and to expect promising
imprinting, the main prerequisite is to have a better non-covalent
interaction, which should be strong enough compared to the
hydrogen bonding. It is obvious that in aqueous media, water
signiﬁcantly weakens or completely destroys hydrogen bond-
ing. Therefore, in our work, we were aiming to bring stronger
electrostatic interaction between the template and monomer
self-assembly (Fig. 4(a)).
The orientation result obtained by molecular mechanics energy
minimization is shown in Fig. 4(b) (screen shot) and it is proved
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Figure 5. UV–vis spectra of 3-APy and 3-APy+AA aqueous solutions
showing absorbance shifts of 234 to 260 nm and of 292 to 317 nm.
Measurements were performed using a 1wt% solution of 3-APy in water
and a 1wt% 3-APy+ 11.61wt% AA solution of 3-APy+AA in water.
that the 3-APy molecule approaches the AA via electrostatic inter-
action, as expected.
Further, experimental results of T–M interaction monitored by
UV–vis spectrometry has been used by several researchers result-
ing in success.36,37 The results of the scanned spectrums are shown
in Fig. 5.
Figure 5 clearly shows that the absorption maxima of the 3-APy
shifted to higher wavelengths with the addition of functional
monomer AA, i.e. from 234 to 260 and from 292 to 317 nm (red
shifted). This red shift behavior in the spectrum after addition
of the functional monomer to a ﬁxed concentration of 3-APy in
aqueous solution shows that there is formation of a T-M complex
by electrostatic interaction. A similar eﬀect has been observed in
the case of titration of 2-APy to MAA, where it was found that
a strong interaction occurred between aminopyridine and the
template molecule.38–40
The orientation detection in ACS/3D Chem draw and the
absorbance red shift observed by UV–vis experiment conﬁrms
the M-T self-assembly by electrostatic interaction and this moti-
vates to proceed with the generation of SRSH hydrogels in
aqueous media.
Hydrogel syntheses (FRP and CRP)
Hydrogel imprints (MIH-FRP) and non-imprinted counterparts
(NIH-FRP) were synthesized adopting classical free radical
wileyonlinelibrary.com/jctb © 2015 Society of Chemical Industry J Chem Technol Biotechnol 2015; 90: 1552–1564
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Figure 6. Swollen state images of the hydrogels produced: (a) and (b). Microscopic images of FRP batch produced hydrogels. (c) Microscopic image of
AA based RAFT imprinted smart hydrogel (wet) particles obtained in continuous ﬂow micro-reactor, (d) Photograph of AA based RAFT imprinted smart
hydrogel particles produced in the micro-reactor.
polymerization as described in the experimental part, while
MIH/NIH-CRP microparticles were produced using RAFT agent
in the continuous ﬂow micro-reactor (experimental section).
Measurement of batch ‘gelation time’ is a key aspect to assess
the feasibility of continuous polymerization with the selected
residence time. The residence and the batch reaction times are
key parameters inﬂuencing microparticle production. As can be
seen in Table 1 the reaction time for the MIHs regardless of the
polymerization approach (FRP or CRP) is longer (2-fold) when
compared with that of the NIH. Apparently the T-M self-assembly
in MIHs caused a longer gelation time. Further it can be seen
in Table 1, that the addition of 0.1% RAFT to the FRP system
eventually decreases the reaction rate. In order to achieve opti-
mum conditions for producing microparticle hydrogels in the
micro-reactor, the temperature of the reaction was increased from
50 ∘C to 70 ∘C, the former temperature being used in FRP. The
hydrogels (MIH-FRP/CRP and NIH-FRP/CRP) synthetized in this
way were cleaned in a Soxhlet extractor and the results proved
the absence of 3-APy.
Material characterization
FRP (batch) and CRP (micro-reactor) produced hydrogel
(swollen state) images as observed by microscope are shown
in Fig. 6(a)–(d). Microscope images presented in Fig. 6 were taken
using 40 times magniﬁcation, and, according to the instrument
calibration (1 pixel= 1.684 μm), the width of these images corre-
sponds to 4.3mm. Photographs of AA based RAFT MIH particles
produced in the micro-reactor and presented in Fig. 6(d) were
obtained under the following conditions: particles were isolated,
dried and poured in aqueous solution with concomitant swelling.
The aqueous solution containing the particles is inside a 5 cm long
light-scattering vial (the length of the swollen cylindrical particles
is in the range 1 to 2mm).
It can be clearly noticed in Fig. 6 that the micro-reactor-
generated particles are almost uniform and oval in shape whereas
the FRP hydrogels produced in the batch reactor are randomly
irregularly shaped. Also one can easily observe that the swelling is
uniform and controlled in microparticles but not in FRP-produced
hydrogels (Fig. 6(a)–(d)). As aimed at in this work we were able to
produce SRSH uniformly sized particles which were expected to
have better properties, avoiding experimental problems occurring
with FRP-produced irregular particles. A few issues to mention are
heterogeneous adsorption sites, poor chromatographic proper-
ties with low surface area and poor mass transfer, no control in
swelling degree, and diﬃculties leading to high pressure in the
chromatographic instruments (exceeding the maximum pressure
limit) due to the irregular sized and shaped particles produced by
FRP. The particles were ofmillimeter size range but can be reduced
to micrometer range by using lower ID PTFE micro-reactors. This
can be explored in future.
Themorphology of the diﬀerent kinds of particles synthetized in
thiswork canbeassessed throughFig. 7whereSEMmicrographsof
imprinted and non-imprinted dried hydrogels produced through
FRP and RAFT polymerization are shown.
Figure 8 presents FTIR spectra of the imprinted and
non-imprinted dried hydrogels produced through FRP and RAFT
polymerization, in batch and continuous ﬂow micro-reactors, as
detailed in Table 1. Synthesized particles are very hard, especially
those obtained in the continuous ﬂow micro-reactor (higher
crosslinker content), thus hampering the formation of pellets
with favorable conditions for FTIR analysis (low IR signals were
observed). For comparison purposes, the FTIR spectrum of a sim-
ilar MIH hydrogel obtained through precipitation polymerization
was also collected. In this case a soft powder was synthesized and
good conditions for FTIR analysis were observed. Note that before
drying for the FTIR measurements, all the products were isolated
by methanol washing in order to remove unreacted monomers,
organic oils, etc. Soxhlet extraction was not considered at this
stage in order to try to avoid template removal in the imprinted
materials. Comparison of the diﬀerent spectra shown in Fig. 8
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Figure7.SEMmicrographsof imprintedandnon-imprinteddriedhydrogels produced throughFRPandRAFTpolymerization. (a)MIHparticles synthesized
through RAFT polymerization in continuous ﬂow micro-reactor. (b) MIH products obtained through FRP in batch reactor. (c) NIH particles synthesized
through RAFT polymerization in continuous ﬂowmicro-reactor. (d) NIH products obtained through FRP in batch reactor.
(considering the precipitation polymerization material as refer-
ence) seems to indicate that only simple structural features of
the synthetized networks can be obtained using FTIR analysis of
the products. Major observed IR assignments correspond with
C=O vibration in the 1750 cm−1 region, diﬀerent CH2 vibrations
in the regions 1150, 1250 cm−1, and CH2/C-O-H vibrations in
the 1400 cm−1 region. Similar spectra observed for imprinted
and non-imprinted materials seem to show that IR identiﬁcation
of the template in the molecularly imprinted hydrogels is not
possible. Besides possible template leakage due to the above
described isolation process applied to the products, it should be
stressed that the imprinted hydrogels synthesized in this work
were obtained with a low ratio of template/functional-monomer,
when compared with classical MIP recipes.21 Indeed, there is
further possibility of recipe optimization, involving the initial
amounts of template/functional monomer/crosslinker, aiming
at the production of imprinted smart hydrogels combining the
ability for stimulation (viscoelasticity) with molecular recognition
capabilities (stability of imprinting cavities).
Swelling degree with respect to selective sorption
The swelling ratio of the hydrogel is the main inﬂuencing param-
eter that has to be controlled when used as stationary phase
or carrier in the ﬁeld of separation science/medical sciences.
Having considered this critical parameter the hydrogels swelling
degree was monitored with respect to the diﬀerent analytes
including the target molecule 3-APy. Figure 9(a)–(d) depicts the
dependence of SR of the FRP and CRP generated hydrogels
with respect to its recognition capacity and selectivity for target
molecule 3-APy, its structural analogue 4-APy and a random drug,
caﬀeine.
From Fig. 9(a) and (b) it is observed that the imprinted FRP
(MIH-FRP) hydrogels showed noticeable diﬀerences in SRs with
respect to the target molecule and its analogues. On the other
hand, NIH-FRP hydrogels did not show diﬀerences in SR for all
three diﬀerent molecules tested. This can be explained by the fact
that during the imprinting process one could expect generation of
high recognition molecular sites in the hydrogel polymer network
by self -assembly of T-M. This leads to a high number of tailored
stereo-cavity binding sites in the MIH-FRP resulting in high SR
values for the target 3-APy. On the other hand the diﬀerences in
the SR for MIH-FRP between 3-APy and 4-APy are small and can
be explained by the molecular volume and resonance structures
(Fig. 10(a) and (b)).
As far as molecular volume is considered the volumes of the tar-
get and of the structural analogue are similar. Looking at the reso-
nance structures (Fig. 10(a) and (b)) thenegative chargepresent on
the para nitrogen in 4-APy increases the basicity of the molecule
and thus results in a relatively high SR with respect to 3-APy.
The measured pKa value of 4-APy further supports the observed
result (Fig. 10). A similar result has been observed by Mullet et al.,
conﬁrming that the interaction between the –COOH and –NH2
group becomes stronger with increasing basicity.40 These ﬁndings
foresee the preparation of new MIPs imprinted with a structural
analogue (or surrogate). A MIP can be imprinted with a structural
analogue (dummy template or surrogate) of similar size and shape
wileyonlinelibrary.com/jctb © 2015 Society of Chemical Industry J Chem Technol Biotechnol 2015; 90: 1552–1564
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to the target molecule but with a lower pKa value. For instance, in
this case 3-APy imprinted hydrogels could be used to fetch 2-APy
and 4-APy from active pharmaceutical ingredients (API).
However, the remarkable diﬀerence observed in SR between
3-APy and caﬀeine (2-fold in magnitude) conﬁrms the presence
of stereo selective sites in MIH-FRP due to the imprinting process.
There is no signiﬁcant diﬀerence in SR of NIH-FRP; over the three
molecules studied this behavior implies the existence of physical
adsorption rather than molecular recognition. This result further
conﬁrms the promise of imprinting in MIH-FRP.
On the other hand, interesting SR data were observed for
the imprinted (MIH-CRP) and non-imprinted (NIH-CRP) hydrogels
prepared by CRP using RAFT agent. The results are presented
in Fig. 9(c) and (d): no substantial diﬀerence was noticed in SR
between MIH and NIH-CRP. The only plausible explanation would
be the inﬂuence of RAFT addition. Despite the quantity being very
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small (0.1%), the rate of the reaction decreased enormously and
this would be the reason for observed similar SR values between
MIH and NIH-CRP. The decrease of primary chain length of net-
works synthesized using CRP17,18 is a well-known issue, which also
explains the drop in the observed SR values.
The introduction of a RAFT agent is currently used by many
researchers9,14–19 mainly to obtain a homogeneous polymer net-
work by avoiding the presence of broad distributions of sizes for
any sub-structures like sub-chains or loops. One could rationally
designa close to ideal polymernetwork architecturebyusingRAFT
agent. Here in our work we employed the RAFT agent tomoderate
fast AA (exothermic reaction) polymerization and to reach an opti-
mal gelation time before micro-reactor feeding. The purpose of
RAFT additionwas successful in optimizing the reaction conditions
but the SR towards selectivityMIH-CRPwasnot up to expectations.
Also no signiﬁcant diﬀerence in SR between MIH/NIH-CRP pro-
duced particles was observed for the three test molecules studied.
This is likely to be explained by the fact that the RAFT agent eﬀec-
tively controlled the reaction kinetics and hence producing the
polymer networks with homogeneous cavities regardless of the
presence of template (MIH-CRP). MIH-CRP (Fig. 11(c)) and NIH-CRP
(Fig. 11(d)) could have cavities of similar size and so that resulted
in the observed similar SR values.
In order to obtain some knowledge about the molecular archi-
tecture, the soluble fraction of SRSH or their linear counterparts
was experimentally measured using a SEC apparatus coupled to
a tetra detector array including refractive index, light scatter-
ing, viscosity and ultraviolet detection. These measurements are
especially important to obtain insights on the network formation
dynamics and involved kinetic mechanisms. For this purpose, cali-
bration was conducted using PEO (poly ethylene oxide) standards
with known molecular weight: 5300, 66600 and 920000 gmol−1
and the approximate molecular weight of the polymer was esti-
mated using the following equation:
M = 𝛼 × V𝛽e ⇐⇒ logM = log 𝛼 + 𝛽 × log Ve (4)
where,M is themolecularweight of thepolymers (gmol−1),𝛼 is the
intercept of the calibration curve, Ve is retention volume and 𝛽 the
slope of the calibration curve. Calibration was necessary because
of the injection of high viscosity soluble polymer fraction which
would limit passage through the capillaries resulting in the failure
of absolute value detection.
Tetra detector SEC chromatograms (UV absorbance) obtained
for the FRP and CRP linear polymer are shown in Fig. 12(a) and
(b). From the graph one can clearly see that the FRP-produced
network hydrogel analogues have a wide molecular weight range
(from 2× 105 to 2× 109 gmol−1) whereas the CRP-produced lin-
ear polymers are more homogeneous and present lower chain
lengths (from 2× 105 to 8× 107 gmol−1 and with maximum inten-
sity at 6× 105 gmol−1). The inﬂuence of RAFT agent in producing
more homogeneous soluble polymers and networks was further
conﬁrmed from the results obtained for the hydrogels produced in
the CRP batch and micro-reactor (CRP MRP) polymers (Fig. 12(b)).
The SEC experimental results point to the formation of a rather
homogeneous network regardless of the presence or absence
of a target molecule and hence generate more non-speciﬁc
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hydrogels.
binding sites with uniformly sized cavities which dominate phys-
ical adsorption rather than the selective molecular recognition.
Solid phase extraction experiments
Followed by a swelling test, SPE measurements were carried out
in order to obtain knowledge about the retention capacity of MIH
and NIH produced by FRP and CRP.
Results regarding the percentage 3-APy retained in the SPE
cartridge for the four diﬀerent hydrogels studied are presented
in Fig. 13(a) (MIH/NIH-FRP), and (b) (MIH/NIH-CRP). FRP-produced
hydrogel showed signiﬁcant diﬀerences in the percentage
retained between MIH and NIH from loading (5mmol L−1 3-APy in
aqueous solution). About 100% of 3-APy was retained in MIH and
20% in NIH, showing a promising imprinting eﬀect in MIH hydro-
gel. Further washing with water did not inﬂuence any change
in the adsorption amount in MIH whereas a decrease of about
30% from the loading test in the case of NIH (14.78% retained)
showed the existence of physical sorption in the NIH. In contrast
the CRP-generated MIH and NIH did not show any noteworthy
diﬀerence in the percentage 3-APy retained (c.100%). This can
be explained again by the fact that in CRP-produced particles
physical adsorption is dominant due to the generation of homo-
geneous cavities by the addition of RAFT agent, as was tentatively
explained in the previous section. Further, the existence of physi-
cal sorption was proved by elution experiments. After loading and
washing, elution steps were carried out with varying pH solutions.
There was no signiﬁcant liberation of 3-APy after addition of pH 2
solution, whereas pH 8 solution eluted half the retained 3-APy in
NIH and at the same time did not change any retained percent-
age in MIH, showing that there was also molecular recognition
combined with non-speciﬁc or physical adsorption.
Although the MIH/NIH-CRP did not show any diﬀerence in per-
centage 3-APy retained by SPE loading, the overall results with
elution experiments conﬁrmed the existence of imprinted sites
in MIHs.
Lower diﬀerences were observed when comparing the per-
formance of batch (bulky materials such as FRP batch hydro-
gels) and micro-reactor generated CRP SRSH. Swelling is con-
trolled by the primary chain length, which should be similar for
batchandmicro-reactor RAFT synthesizedhydrogels (as showed in
Fig. 12(b)). Signiﬁcant diﬀerences between these products should
eventually be observed for the kinetics of mass transfer during
drug adsorption/desorptionprocesses due to the eﬀect of product
morphology.
Frontal analysis
In order to obtain higher precision data on adsorption/desorption
(saturation/release) drug mechanisms, a frontal analysis experi-
ment was considered for characterization of the diﬀerent smart
hydrogels synthesized. As described in the experimental part,
adsorption and desorption were monitored in-line through UV
absorption for the analytes 3-APy and CAF in NIH-FRP and the
resulting chromatograms are illustrated in Fig. 14.
It was observed that the adsorption capability with respect to
retention volume of the NIH-FRP hydrogels for 3-APy was at least
2-fold higher in comparison with caﬀeine (c.30mL retention vol-
ume for 3-APy and c.16mL for CAF). The higher volume indicates
thehighaﬃnity for 3-aminopyridinedue toacid–base interactions
of acrylic acid with 3-APy. This is unlikely to occur with caﬀeine
which has the lower saturation retention volume of c.16mL. After
loading, 3-APy and CAF release proﬁles were monitored using
water as an eluent and the liberation proﬁle of the analytes are
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shown in Fig. 14(a) and (b). The release was faster for CAF than for
3-Apy. This behavior can again be explained as due to thepresence
of weaker acid base interaction than that between AA and 3-Apy
(Fig. 14(a)).
It is important to mention here that although frontal analy-
sis is an accurate method to determine the saturation capac-
ity of the analytes per mass of hydrogel, the experimental chal-
lenges prevent its use due to the high swelling of the imprinted
hydrogels leading to the maximum pressure limit being reached.
Hence, to obtain adsorption capacities for the imprinted hydrogels
batch rebinding testswere conducted.Designof new formulations
(e.g. considering the ratio RAFT agent/monomer to control the
swelling ratio) with generation of materials with good conditions
for column packing should hopefully allow study of the kinetics
of mass transfer for drug adsorption/desorption processes using a
multi-step frontal analysis method.
Batch adsorption test (FRP vs. CRP)
Diﬃculties faced in the frontal analysis resulted in the use of batch
rebinding experiments to quantify the amount of 3-APy adsorbed
(q mg g−1) in MIHs and NIHs. The results obtained are shown in
Fig. 15.
It can be clearly seen from Fig. 15 that the amount adsorbed, q
in MIH-FRP is remarkably higher than q in NIH-FRP. The estimated
quantity of 3-APy adsorbed in aqueous solution for MIH-FRP is
8-fold higher in magnitude (c. 600mgg−1) when compared with
NIH-FRP (c. 75mgg−1). The outstanding q value observed for
MIH-FRP hydrogel is strong evidence of the existence of a large
amount of recognition cavities generated by T-M self-assembly.
On the other hand similar q values estimated for MIH/NIH-CRP
(c. 530mgg−1) showed the dominance of non-speciﬁc acid–base
interaction over selective recognition sites generated by the
imprinting molecules in MIH-CRP. As explained earlier RAFT
agent used in CRP totally controlled the polymer architecture in
generating uniform cavities regardless of the presence of tem-
plate (MIH-CRP) or its absence (NIH-CRP) and hence favors the
non-speciﬁc interactions.
Comparison of current results with published work
Table 2 shows the work done by other researchers in which
aminopyridine was considered the target in the generation of
bulk classical imprints (MIPs), MIPs microspheres and MIPs hybrid
with NIPA hydrogel. To our best knowledge none carried out
research in synthesizing smart hydrogels microparticles integrat-
ing CRP and imprinting processes for the best possible outcome.
The highlight of this current research is starting from synthe-
sis to end product analysis, water was used as solvent, whereas
other researchers have quoted the use of dimethylformamide
(DMF), chloroform (CHCl3) and acetonitrile (MeCN) as working
solvents38,41–43 (Table 2).
Regarding SPE results the SRSHproduced in this current research
showed a better response than that presented by Rustem et al.41
and Cummins et al.43 The adsorption capacity q of MIHs synthe-
sized (c. 6000mmol kg−1) in this current work is 1000 times higher
than q quoted by Liu Xueyong et al.42 (c. 6mmol kg−1). Due to
the experimental diﬃculties caused by the enormous swelling we
were not able to determine the capacity factor to compare with
the results of Lai et al.38 (Table 2).
CONCLUSIONS
A feasibility analysis of the production of RAFT imprinted smart
hydrogel particles in a customised continuous ﬂow micro-reactor
was themain goal of this researchwork. Importing the tailor-made
sites into the hydrogel network in aqueousmedia and tackling the
huge drop in crosslinking level (from 80% in classical MIPs to 1% in
hydrogels) were themost important challenges faced in this work.
However, imprinted materials were successfully prepared both in
batch mode and a continuous micro-reactor. It was shown to be
possible to produce smart hydrogel particles with fairly regular
size and shape in a continuous micro-reactor, contrasting with the
bulky materials obtained with classical batch processes (with FRP
or CRP). An extension of this research should include newdevelop-
ments on the design of continuous micro-reactor operating con-
ditions (temperature, composition, residence time, tubing diame-
ter, etc.), allowing the production ofmolecularly imprinted organic
particles with special shapes andmorphologies that are diﬃcult to
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obtain in batch processes (e.g. hollow molecularly imprinted par-
ticles for drug delivery carriers).
The addition of RAFT agent in CRP helped in optimising the
experimental conditions of the continuous microﬂuidic approach.
Experimental results proved that molecular imprints generated
by FRP and CRP showed outstanding performance in adsorption
behaviour, and the q value estimated was found to be about 1000
times higher than the value presented by other researchers in
comparable chemical systems. SPE results further evidenced the
promise of imprinting in MIH-FRP/CRP.
The results show that we have obtained a new class of regu-
lar shaped (oval) functional material with controlled swelling and
capable of holding a large amount of analyte. Liberation of the
analyte can be triggered by an environmental change. However,
we are yet to assess the impact of RAFT agent on the molecular
imprinting process. Further research exploring a change to the ini-
tial ratio RAFT agent/monomer (therefore establishing the primary
chain length of the network at speciﬁed crosslinker content) and
demonstrating the impact of other RAFT agents could be the next
step in this thread.
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